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Abstract
STK, the Src tyrosine kinase homologous of the fresh water polyp hydra, is a key component of the signal transduction system for cell
differentiation in this organism. Its activity is strongly increased 6 h after decapitation, and the inhibition of its activity with PP2/AG1879
prevents head development. We generated STK polyps by using double-stranded RNA interference; STK activity of those polyps is
blocked through time. STK RNAi silenced animals could not regenerate the head, but the foot, and could not reproduce asexually. The
silencing of STK causes the development of ectopic heads in decapitated polyps in the first third of their body. Some head-specific genes,
like Ks1, HyTcf, and Hybra1, seem to be regulated by the signaling pathway mediated by STK because their expression is modified in the
STK polyps. These findings support an important function for STK in the initial commitment of cells to develop head structures in hydra.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Src was initially identified as the product of a protoon-
cogene, and it was proposed to have an important function
in the regulation of the cell growth and differentiation. This
family was identified in several organisms from virus, and
from coelenterates to mammals (Sun and Tonks, 1994).
There is enough data supporting the function of the Src
family of protein tyrosine kinases in the regulation of cell
adhesion, signaling from growth factor receptors, cell cycle,
development, and pattern formation. At least four members
of this gene family, src, fyn, yes, and laloo, are expressed
during early embryonic development, and the activity of Src
is required to stimulate mesoderm formation by FGF (Hama
et al., 2002). In addition, Src kinases are essential compo-
nents of the machinery that drives gastrulation movements
independent of mesoderm induction (Denoyelle et al.,
2001). In Caenorhabditis elegans, two tyrosine kinase-re-
lated genes, src-1 and mes-1, are required to control cell fate
and division orientation in early embryos, and it was pro-
posed that Wnt and Src signaling pathways function in
parallel to control developmental outcomes within a single
responding cell (Bei et al., 2002). However, it has been
difficult to get into the precise function of Src because of the
redundancy and crosstalk among the signaling pathways.
From biochemical studies, several Src substrates have been
identified in Src-transformed cells. However, such ap-
proaches cannot cover the function of this kinase under
normal physiological processes. Attempts to identify the
importance of Src in mammalian development directed re-
searchers to generate transgenic mice carrying mutations in
several members of the Src family. Lowel and Soriano
(1996) generated mutants of some members of the Src
family of protein tyrosine kinases in mouse to understand
the regulatory roles of these proteins during the develop-
ment. The double and triple mutants were lethal, the src
phenotype did not give much information about the function
of this kinase, and the real function of Src remains uncov-
ered.
Genes encoding protein tyrosine kinases (PTKs) have
been identified in the early diverging phylum of metazoans,
the Cnidaria. Those include protein tyrosine kinase recep-
tors (Chan et al., 1994; Steele et al., 1996; Kroiher et al.,
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2000; Reidling et al., 2000; Bridge et al., 2000), STK, the
Src kinase homologue of hydra (Bosch et al., 1989), and
Csk, which negatively regulates STK activity (Miller et al.,
2000). This is the first phylum where receptor- and nonre-
ceptor-tyrosine kinases had been identified to date, and their
presence in one of the first multicellular animals suggests
that they could have an important function regulating cell–
cell communication and maybe pattern formation. Using a
Src inhibitor, we demonstrated that STK is one key com-
ponent of the signal transduction system necessary for cell
differentiation in hydra (Cardenas et al., 2000).
In this work, we demonstrate the function of STK in the
regulation of the cell’s initial commitment to differentiate
into head structures. We measured its activity at different
times during head regeneration. Using RNAi, we generated
STK polyps that were unable to regenerate normal head
structures and to develop buds. Finally, we analyzed the
expression of head-specific genes to investigate whether
their expression may be regulated through a STK-mediated
signaling pathway. To our cognition, this is the first, clear




PP2/AG1879 was from Calbiochem; the anti-actin and
anti-p Tyr antibodies were from Santa Cruz Biotech. Horse-
radish peroxidase (HRP)-conjugated secondary antibodies
(anti-rabbit and anti-mouse) were from Zymed. Prestained
molecular weight markers were from Gibco. 100 Pro-
teases inhibitors cocktail (Complete), Enhanced chemilumi-
nescence’s (ECL) kit, 10 DIG RNA labeling kit, Anti-
DIG coupled to alkaline phosphatase (AP) antibody and BM
purple AP substrate were from Roche. Reagents for sodium
dodecyl sulfate-polyacrilamide electrophoresis (SDS-
PAGE) were from Bio-Rad. X-ray films where from Kodak.
[-32P]ATP (3000 Ci/mmol) and Protein A-Sepharose were
from Amersham-Pharmacia. Phosphatase inhibitors cocktail
II, the synthetic peptide “DKSKSKD” from the terminal
amino of STK of hydra, and other chemical reagents were
from Sigma.
Animals and culture conditions
Hydra vulgaris strain Basel was cultured at 18°C in
hydra medium (1 mM CaCl2, 0.1 mM MgCl2, 0.1 mM KCl,
1 mM NaH2CO3, pH 7.8), following the methods described
by Takano and Sugiyama (1983). The hydras were fed daily
with Arthemia saline. For electroporation experiments, the
hydras were exhaustively fed for 2 weeks before electropo-
ration.
Production of the antibody anti-STK
The most immunogenic region of the STK sequence was
selected by using the software package PC/GENE (Moore et
al., 1988). The region “DKSKSKD” close to the amino-
terminal region was chosen, and the corresponding peptide
was synthesized and used to immunize a rabbit. The im-
mune serum was recovered, and the IgG fraction was puri-
fied by affinity chromatography. It was resuspended to a
final concentration of 1.64 g/l.
Cellular lysis and Western blotting
Thirty hydras were lysed with a microhomogenizator for
1 min in 20 l of 1 SDS-PAGE buffer (50 mM Tris–HCl,
pH 6.8, 5% SDS, 15% glycerol, and 2% 2-mercaptoetha-
nol), plus 2 l of 100 proteases inhibitor cocktail and 2 l
phosphatases inhibitor cocktail II. The cellular debris was
removed by centrifugation, and the protein content was
determined by the Bradford method with bovine serum
albumin as standard. Total protein (50 g) was resolved in
10% SDS-PAGE gels and transferred to PVDF-nylon mem-
branes by electroblotting at 15 V for 1 h.
Western blotting was done following standard protocols.
Briefly, the membrane was blocked at room temperature for
1 h and later incubated for 2 h at room temperature with the
diluted primary antibody (anti-STK 1:6000, anti-p-Tyr
1:2000 or anti-Actin 1:5000) in the corresponding blocking
solution. After several washes with TBS plus Tween 20 at
1% and a second block, the membrane was incubated in the
HRP-conjugated secondary antibody solution (1:6000) for
30 min at room temperature. The filter was washed with
frequent TBST changes, developed with ECL solution, and
then exposed to X-ray film.
Immunoprecipitation
Immunoprecipitation with anti-STK antibody was car-
ried out as follows. Fifty hydras were lysed with a micro-
homogenizator in lysis buffer II (50 mM Tris–HCl, pH 7.5,
150 mM NaCl, 1% Nonidet P-40, 0.5% sodium desoxi-
cholate, 0.1% SDS, 20 l of the proteases inhibitor cocktail,
and 20 l of the phosphatases inhibitor cocktail II) for 1
min. Immediately, the tube was set on a rock platform at
4°C for 1 h. The cellular debris was removed by centrifu-
gation, and the protein content was determined by the Brad-
ford method with bovine serum albumin as standard. Total
protein (500 g) was placed in an Eppendorf tube and
preclearanced with protein A-Sepharose in a rock platform
for 1 h at 4°C. The preclearanced lysate was then incubated
with 5 g of anti-Stk for 2 h at 4°C in a rock platform. The
immune complex was recovered by incubation with protein
A-Sepharose at 4°C in a rock platform overnight. The im-
mune complex was washed once with lysis buffer, two
times with high salt washing buffer (50 mM Tris–HCl, pH
7.5, 500 mM NaCl, 0.1% Nonidet P-40, 0.05% sodium
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desoxicholate), and two times with low salt washing buffer
(50 mM Tris–HCl, pH 7.5, 0.1% Nonidet P-40, 0.05%
sodium desoxicholate, 1 mM EDTA, pH 8.0). The immune
complex was resolved in a 7.5% SDS-PAGE and then
transferred to a PVDF membrane, and the Western blot was
carried out as earlier described.
STK activity in vitro
The kinase activity of STK was determined by an in vitro
kinase assay as previously described (Wooten et al., 2001).
Briefly, 100 g of immune complex was washed two times
with 20 mM Tris–HCl (pH 7.5) and resuspended in 25 l of
this solution. Simultaneously, in an Eppendorf tube, the
kinase reaction was prepared as follows: 100 g of hydra
total protein as substrate, 20 mM Tris–HCl, pH 7.5, 50 M
MgCl2, 50 M ATP, 3 Ci [-32P]ATP (3000 Ci/mmol) in
deionized water. The mixture was incubated at 65°C for 10
min before its addition to the immune complex. The reac-
tion was incubated at room temperature for 1 h on a rock
platform and stopped by placing the tubes in an ice bath.
Next, the immune complex containing the phosphorylated
STK was removed by centrifugation at 14,000g in a micro-
centrifuge at room temperature for 30 s; it was called frac-
tion I. The phosphorylated proteins in the supernatants were
placed in a new Eppendorf tube and called fraction II.
Fraction number I was incubated in a boiling bath for 3 min
with running buffer 1. Afterwards, it was centrifuged at
14,000g for 30 s to recover the protein from the beads, and
the supernatant was transferred to a new eppendorf tube.
Each fraction (20 l) was spotted onto a phosphocellulose
filter and washed several times with 75 mM H3PO4 and
once with acetone, before being counted in a liquid scintil-
lation counter. All the assays were performed in duplicate
with their no enzyme and no substrate controls. We report
the results obtained in fraction I as STK activation (auto-
phosphorylation) and in fraction II as STK activity (phos-
phorylation of other proteins).
RNA interference
The dsRNAi experiments were carried out essentially as
earlier described (Lohman et al., 1999), using 5 g of
dsRNA in 200 l of cold DEPC-treated water to electropo-
rate groups of 60 hydras. The elctroporation was done with
a Gene Pulser II System (Bio-Rad) and the conditions were
0.38 kV, 25 F for 5–9 ms. Silencing was verified by in situ
hybridization when the animals were fully recovered from
the treatment (about 6 days).
Changes on the STK morphology and evaluation of its
reproduction capacity
Thirty electroporated, fully recovered animals were ex-
amined in a stereoscopic microscope. They were fed every
day, and their morphology, self-feeding, and asexual repro-
duction capacity were observed. Once a polyp started to
bud, it was separated from the group to determine whether
it could produce new buds. Budding hydras were counted
during at least 16 days and are reported as percentage of
budding.
Regeneration and inhibition experiments
Thirty electroporated, fully recovered animals were de-
capitated at 1/3 from the apical end, and the foot was cut
above the peduncle. We examined the head and foot regen-
eration progress every 12 h with a stereoscopic microscope
during a period of 3 days. We contemplated that the hydras
regenerated the head when the short new tentacles were
visible, and the foot regenerated when the animal could
append to the container surface. We report the results as
percentage of hydras that regenerates a head or a foot.
The second regeneration experiments were carried out as
follows. The regenerated animals were fed for 2 days and
then cut in half. We examined the head and foot regenera-
tion every 12 h during a period of 3 days.
For inhibition experiments with PP2/AG1879, we depos-
ited the decapitated animals in 5 ml of hydra medium plus
inhibitor at 1 M and replaced the inhibitor every 12 h
during 72 h. Control animals were placed in hydra medium
plus the solvent of the inhibitor, dimetilsulfoxide (DMSO).
Gene expression
The expression of the genes STK, Ks1, Budhead, Hybra
1, and HyTcf, in STK-silenced and decapitated hydras, was
evaluated by in situ hybridization as previously described
(Grens et al., 1996).
Results
STK activates during head regeneration
The function of STK in the regulation of the head de-
velopment of hydra was demonstrated by using inhibitors
(Cardenas et al., 2000; Fabila et al., 2002). We measured the
kinase activity of STK after head decapitation to have a
more direct evidence of its participation during the devel-
opment of hydra. The activity of STK augmented after
decapitation with a maximum after the sixth hour (Fig. 1),
and it was maintained several hours after. The Src inhibitor
PP2/AG1879, known to prevent head formation in hydra
(Fabila et al., 2002), inhibited the activation of STK induced
by the regeneration process through time (Fig. 1). The
residual kinase activity found in PP2/AG 1879-treated ani-
mals was not detected when STK was immunoprecipitated
from control animals after 6 h of decapitation, and the
inhibitor was added before the kinase assay (data not
shown). The antibody used to immunoprecipitate was gen-
erated immunizing a rabbit with a synthetic peptide as
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delineated in Materials and methods. This antibody detected
a single band of approximately 57 kDa, corresponding to the
apparent molecular weight predicted for STK (Bosch et al.,
1989), and preadsorption with the peptide used to immunize
the rabbit eliminates the signal (data not shown).
Phenotype of the STK phenocopies
Isolation of mutants in hydra is difficult. One alternative
to analyzing the phenotype of a mutant and the function of
the genes essential for its development is by silencing them
with the corresponding dsRNA (Lohmann et al., 1999). We
used this approach to determine the regulatory function of
STK during the development of hydra. The STK animals
were viable; whole-mount in situ hybridization was per-
formed routinely on electroporated polyps to verify the
silencing of the gene. STK is expressed in most of the
epithelial cells of the adult polyp as well as in gametogenic
cells (Miller et al., 2000). Fig. 2A shows that mock animals
expressed STK according to the reported expression pattern.
The expression of the STK in the electroporated animals
with the corresponding dsRNA was absent after 6 days of
the electroporation (Fig. 2B). Such pattern was obtained
every time we electroporated dsRNA. We look for any
morphological change in the STK animals, but we did not
find any obvious phenotype; although we noticed that most
of these polyps had long and slow tentacles (Fig. 2B). Since
they could not catch the prey by themselves, it was neces-
sary to get it close to the hypostome, so they could feed.
We observed that the STK animals developed buds at a
very low frequency, and we evaluated their budding capac-
ity. Once the polyps recovered from the electroporation and
began to feed, both mock and STK started to bud. Once a
bud was visible in a polyp, it was separated from the group
until the bud detached. Mock animals continued budding at
the normal frequency for at least 15 days. However, 40% of
the STK animals were able to bud only once, and the rest
of the STK polyps (60%) could not at all (data not shown).
As a result of the overfeeding regimen of hydra before
electroporation, it is possible that these 40% animals had
started the budding program just before being electropo-
rated. After the electroporation and their recovery, they
continued with their developmental program and produced
buds. This behavior explains why only some polyps develop
buds and only once. Then, the STK animals as well as the
recent detached STK polyps could not bud, a result that
indicates that STK silencing causes the hydra to not bud.
The same behavior was observed in animals treated with the
Scr inhibitor PP2/AG1879 (Fabila et al., 2002).
Animals treated with the STK inhibitors, PP1/
AGL1872 or PP2/AG1879, cannot regenerate (Cardenas
et al., 2000; Fabila et al., 2002); therefore, we concluded
that this kinase has an important function during head
regeneration in hydra. We proved the function of STK on
head regeneration evaluating the capacity of STK ani-
mals to regenerate. Animals completely recovered from
the electroporation were decapitated, and the foot was
removed. The regeneration of both structures was fol-
lowed microscopically during 72–96 h, after this time,
the mock animals regenerated the head and the foot (Fig.
3B and C). The STK polyps showed two different phe-
notypes, around 80% could regenerate (Fig. 3B and D)
and the remainder 20% formed one or two ectopic heads
(Fig. 3E). However, the morphology of the developed
heads by the STK polyps was not normal. They had only
two or three long and unskillful tentacles and it was
necessary to feed them. The morphology of the heads
formed by the STK animals (Fig. 3D) was analogous to
that seen in animals treated with Src inhibitors after the
removal of the inhibitor (see Cardenas et al., 2000). All
the animals developed a normal foot following a normal
kinetic of regeneration (data not shown). This result is in
Fig. 1. Activity of STK during head regeneration. Control and PP2/AG1879-treated hydras were decapitated, and the kinase activity of STK was measured
at different times of regeneration as delineated in Materials and methods. The times of activation were calculated by comparison of the change of specific
activity of STK at the different points of regeneration to the obtained from nondecapitated animals (value 1). The results are the mean of at least three
independent experiments.
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Fig. 2. Phenotype of the STK hydras. Animals were electroporated with dsRNA, and after 6 days, the expression of STK was examined by in situ
hybridization using antisense RNA (A) mock animals, (B) STK, and (C) mock animals probed with the sense RNA.
Fig. 3. Effect of the silencing of STK on head regeneration in hydra. The experimental procedure used is shown in (A). Percentage of the head regeneration
capacity after decapitation on day 5 (B) and on day 10 (F); the “STK ectopic” line corresponds to the percentage of STK animals that did not regenerate
a head but developed ectopic heads. Phenotype showed by the animals after 3 days of regeneration, mock (C), STK (D), and STK with ectopic heads (E).
Phenotype obtained from the STK animals with ectopic heads after 3 days of regeneration of the second decapitation (G). Phenotype of the animals treated
with antibody anti-STK before their decapitation and letting them regenerate by 3 days, preimmune sera (H) and anti-STK antibody (I).
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perfect accordance to the null effect of Src inhibitors on
foot regeneration (Cardenas et al., 2000; Fabila et al.,
2002).
The silencing of STK specifically inhibits the head
regeneration of hydra
As mentioned before, the effect of the inhibitors against
STK on head regeneration is very clear: complete and re-
versible inhibition of head formation. We expected that the
STK animals would have the same phenotype, and they
would not be able to regenerate. The STK phenocopies
could regenerate, at least 80% of them (Fig. 3B). Both
results can be conciliated if the STK animals still had
enough STK protein (that was produced before the silencing
of the gene) and they were not affected by the lack of the
STK transcript.
To verify if the quantity of STK protein and its kinase
activity were still present and to try to remove it, we per-
formed a second decapitation (Fig. 4A). We obtained total
protein from the decapitated animals and used it for a
Western blot and to measure the STK kinase activity. The
STK protein from the mock and STK polyps remained
constant, at least, during the 72 h after the first decapitation
(top panel, Fig. 4B) and their kinase activity augmented
during the first hours postdecapitation, as contemplated
(Fig. 4B). Therefore, the small effect upon head regenera-
tion in the STK polyps could be resulting from the pres-
ence of enough STK protein.
To deplete as much as possible of the protein present
after the regeneration, we fed the regenerating STK
polyps 2 days more before cutting them in half. We
followed their head regeneration in the following 72 h;
after this time, the mock animals regenerated the head,
but only 20% of the STK polyps did (Fig. 3F). We could
detect still ectopic head formation on the STK polyps. In
this occasion, 80% of the animals that did not regenerate
a normal head formed at least two ectopic heads (Fig.
3G). Ectopic heads were always located in the first third
of the body, and they worked as functional heads because
they were connected internally to the digestive cavity and
they never developed a foot. That is why they were
classified as ectopic heads and not buds. Their morphol-
ogy was analogous to the one described before for the
animals unable to regenerate after the first decapitation
(compare Fig. 3E and G). These results suggest the im-
portance of STK to direct head regeneration following
the original axis.
The strong morphological effects found in the STK
polyps correlated with the decrease of STK present in the
cell extracts (top panel, Fig. 4C) and its kinase activity (Fig.
4C). The decrease of STK continued through time and 72 h
after the second decapitation it was almost undetected. We
Fig. 4. Kinase activity and quantity of STK protein in cell extracts obtained from the STK phenocopies. (A) Diagram of the experimental procedure followed.
(B) Kinase activity of STK and amount of protein present during the head regeneration process; the decapitation was on day 5 after electroporation (B) or
on day 10 (C); the upper panel is a Western blot with the corresponding specific antibodies; the “m” is for mock animals and “s” for STK. (D) Specific
activity of STK at different times of regeneration after the second decapitation. nd, nondecapitated animals.
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found a parallel behavior for the activation of its kinase
activity.
The inhibition of STK, in vivo, by its specific antibody,
gave the same phenotype obtained with the silencing of
STK
The effect of the STK silencing upon the head regener-
ation capacity was observed for a long time after the treat-
ment (second decapitation), but the effect of the inhibitors
was immediate. The high proportion of animals unable to
regenerate after the second decapitation and the STK
present in the cell extracts support the hypothesis that the
remaining STK protein could be the responsible for the
discrepancies between the inhibitor-treated animals and the
STK phenocopies. An alternative explanation to account
for the discrepancies could be the effect of the inhibitors
over other kinases or proteins. To distinguish between the
two hypotheses, we decided to inhibit directly the STK
protein in vivo with the specific anti-STK antibody.
Several reports show successfully the possibility of in-
troducing antibodies and other macromolecules into hydra
cells using the permeabilizing agent DMSO (Frasser et al.,
1987; Zang and Sarras, 1994; Li et al., 1995), and we
followed the same strategy. Thirty hydras were pretreated
with the anti-STK antibody 2 h before decapitation. The
hydras where decapitated and placed again in a fresh anti-
body solution for 10 h more, then the solution was replaced
with hydra medium for the rest of the regeneration experi-
ments. The capacity of head regeneration was followed
microscopically under a stereoscopic microscope for the
next 72 h. The antibody could inhibit the head regeneration
in the treated animals in the same extent as the inhibitors
(data not shown). The anti-STK-treated animals could not
regenerate but they developed ectopic head structures that
were morphologically and numerical similar to the ones
developed by the STK polyps (Fig. 3I). The optimal in-
hibitory concentration of the antibody solution was 3 g/ml;
lower concentrations produce only a delay, and higher con-
centrations were toxic. An equivalent concentration of pre-
immune sera did not have an effect (Fig. 3H).
STK regulates the expression of developmentally
regulated genes
Different kinds of genes have been cloned from hydra.
Their proper expression pattern and their homology with the
corresponding genes in higher eukaryotes suggest that they
are involved in the regulation of the development in hydra.
Many of them are transcription factors expressed early at
the head regeneration process, such as Hybra1 (Technau
and Bode, 1999), Budhead (Martı´nez et al., 1997), and
HyTcf (Hobmayer et al., 2000). The treatment of hydra
polyps with PP1/AGL1872 or PP2/AG1879 affected the
expression of several genes, during either regeneration or
budding (Cardenas et al., 2000; Fabila et al., 2002).
STK and mock animals were fixed 24, 48, and 72 h after
the second decapitation, and the expression of some genes
was looked into by in situ hybridization. The expression of
STK was completely blocked at all points of the regenera-
tion tested; a normal expression can be seen in the-mock
animals (upper left group, Fig. 5B). The expression of the
forkhead-type gene, Budhead, was not affected, and its
typical expression pattern was detected in mock and STK
polyps (lower left group, Fig. 5B). This result suggests that
Budhead is not regulated through an STK-mediated path-
way for head differentiation. The expression of Hybra1, a
brachyury analogous gene, was blocked only in the nonre-
generated tip. An unexpected result was the finding that it
was expressed on the ectopic heads with the characteristic
pattern found in a normal regenerating head (upper right
group, Fig. 5B). Recently, the Wnt/wingless developmental
pathway was reported in hydra (Hobmayer et al., 2000). The
expression pattern of some key members, like HyWnt, Hy-
catenin, and HyTcf, suggested their important function on
pattern formation and head development. The expression of
HyTcf was completely ablated on STK polyps (lower right
group, Fig. 5B), and it seemed to be a direct target of the
STK regulated differentiation pathway. An interesting point
is that, in the ectopic heads, we did not detect any HyTcf
expression; its function on the initial events of head differ-
entiation must be further evaluated. As we contemplated,
from previous experiments (Cardenas et al., 2000), the ex-
pression of Ks1, an early head-specific gene, was com-
pletely blocked in the unregenerate tip as well as in the
ectopic heads during all the regeneration process of silenced
animals (data not shown).
Discussion
The Src family of PTKs is highly conserved from cni-
darians to mammals. They participate in the regulation of
biological process like cell adhesion, cell cycle control,
pattern formation, and development (Sun and Tonks, 1994).
The redundancy in the function of the genes has made it
difficult to assign a clear role for Src in the regulation of
those cell processes. In hydra, we have previously shown
that Src has a key function for head formation and differ-
entiation by using synthetic inhibitors of several pathways
(Cardenas et al., 2000; Fabila et al., 2002; Manuel et al.,
unpublished observations). In this work, we demonstrated
that the kinase activity of the hydra homologous of Src,
designated STK (Bosch et al., 1989), increases after 6 h
postdecapitation, and the treatment with its specific inhibi-
tor prevents such activation and so head regeneration. This
“activation window” correlates with the timing proposed by
several research groups where the main decisions to regen-
erate a new head are taken (MacWilliams, 1983; Bode and
Bode, 1984). The confirmation of the participation of STK
on the regulation of the first steps of head formation came
from the phenotype of the STK animals (obtained by
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RNAi) and the inhibition of STK in vivo by antibodies.
Both treatments resulted in the inhibition of head regener-
ation and the loss of Src-related kinase activity.
More evidences for the central function of STK during
the development of hydra came from the phenotypic anal-
ysis of the STK animals generated by the RNAi method.
Those animals showed some morphological defects, such as
long and useless tentacles that made them unable to catch
the prey. We even put some arthemia very close to the
tentacles of silenced animals, but they could not catch them.
In addition, these tentacles could not contract after stimu-
lation by touch. Those evidences point out the importance of
Fig. 5. Effect of the silencing of STK on the expression of head-specific genes from hydra. (A) The experimental strategy used. (B) Pattern of gene expression
obtained from mock and STK animals during head regeneration. The decapitation was done on day 13.
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STK in the differentiation of specialized cells and structures
of hydra. Since foot regeneration is not affected by silencing
and STK animals can attach to the container surface, the
differentiation defects seem to concern specifically to head
structures.
STK is required for bud development, as was demon-
strated by using the specific inhibitors PP1/AGL1872 and
PP2/AG1879 (Fabila et al., 2002). The STK polyps did not
develop buds; the fraction of STK hydras, which devel-
oped buds, could come from animals that started earlier the
program, being the bud not visible yet. There are evidences
that once the bud has been formed the development of a new
individual could not be stopped. For example, the treatment
of hydras with PP2/AG1879 blocked the budding process
when it was added before the hydras started to bud, but if
the animals had already started the program, the inhibitor
could not stop the process (Fabila et al., 2002).
Albeit we had previous evidences that the Src inhibitors
blocked head regeneration, most STK hydras could regen-
erate. One explanation for this fact could be that the silenc-
ing of STK was not completely efficient. We discard this
possibility because we did not detect any expression of STK
in the electroporated polyps with STK dsRNA even after 16
days postelectroporation. Another possible explanation
could be the long half-life of STK into the cell. There is no
information about the half-life of STK or Src in other
eukaryotes. After the second decapitation, we eliminated
most of the remaining protein and the hydras could not
regenerate the head following the original axis. Those re-
sults suggested a regulatory function of STK in the com-
mitment of the cells to differentiate into head-specific cell
types. Since there was no head regeneration without STK, it
must participate on the regulation of head differentiation at
some extent. One apparent complication of this scheme is
the fact that STK polyps generate ectopic heads after the
second decapitation, and then STK could not be part of the
signal pathway that regulates head differentiation. The cells
in the upper part of hydra have the higher potential to form
a head (MacWilliams, 1983), and a “tentacle forming zone”
has been identified in the upper part of the gastric column,
below the tentacles ring (Hobmayer et al., 1990); epithelial
cells from this region are committed to differentiate to
battery cells and they express the head-specific gene marker
Ks-1 (Weinziger et al., 1994). They did not complete their
developmental program until they arrived at the right place
because the presence of a head inhibits the differentiation of
the neighbor cells, but it had no effect on the acquisition of
their compromise.
According to our results, STK is necessary for the initial
commitment of the cells to form head-specific structures,
either for head regeneration or for budding. Specifically, it
is necessary for head formation since STK polyps or PP2/
AG1879-treated animals developed feet when they were
removed. The head organizer develops a few hours after
decapitation (MacWilliams, 1983; Bosch, 1998); once it is
present, the inhibitors have no effect over the regeneration
of the head (Cardenas et al., 2000; Manuel et al., unpub-
lished observations). We postulate that STK is required for
the development of the head organizer, maybe in the sig-
naling pathway that transduces the differentiation signal
from an unknown activated receptor (Fig. 6). We have
additional evidence for the involvement of STK in the
development of the head organizer; decapitated animals
treated with PP2/AG1879 did not form a head organizer,
measured by the incapacity of the regenerating tip to induce
the formation of a secondary axis when transplanted to a
new host (Manuel et al., unpublished observations; Arvisu
et al., unpublished observations). The inhibitor can block
the development of the head organizer when added between
0 and 6 h postdecapitation; after this time, it does not have
an effect (Arvisu et al., unpublished observations). If there
is no head organizer, there is no inhibitory signal, and
therefore, this fact explains why the STK animals devel-
oped ectopic heads only in the upper part. There were
committed cells in that region and there was no inhibitory
signal because there was no head organizer. It is possible
that STK could be required, or be part of, the generation of
the inhibitory signal from the head organizer.
The initial mechanisms in pattern formation are directed
by the spatial—temporal expression of some genes, most of
them transcriptional factors. Several genes that encode for
this type of transcription factors had been isolated form
hydra. Comparing the function of their relatives on higher
animals and their temporal—spatial expression during head
and foot formation in hydra, their possible function has been
proposed. Some of them are believed to be involved in the
early process of pattern formation. Hybra1, for instance, is
Fig. 6. Work model for the signal transduction pathway mediated by STK
for head differentiation in hydra. GFR, growth factor receptor; GPCR,
G-protein-coupled receptor; G, G Protein, FAK, focal adhesion kinase.
503M.M. Cardenas, L.M. Salgado / Developmental Biology 264 (2003) 495–505
a homologue of the brachiury family that in vertebrates
participates in mesoderm formation. In hydra, this gene had
been associated with the development of the hypostome
(Broun and Bode, 2002) and it has been implicated in the
establishment of the polarity. The role of STK on the reg-
ulation of the initial steps of head development was corrob-
orated analyzing the expression of different genes in the
STK animals. We showed here that the STK signal trans-
duction pathway regulates the expression of Hybra1, and
our results enforce the evidence for a function of Hybra1
during head formation. Technau and Bode (1999) showed
that Hybra1 expression is absent at the apical end of reg-16
decapitated animals, which are mutants affected in their
capacity to regenerate a head. The expression of Hybra1 on
ectopic heads may be a result of the prior compromise of
those cells to develop head structures, and STK is not the
primary signal to develop a head.
Another early gene that was proposed to be important in
the regulation of the pattern formation is Budhead. Since we
observed Budhead expression in the unregenerate tip as well
as in the ectopic heads, this Fork/Head homologue in hydra
is not a target of the STK signaling pathway. In previous
years, it has been reported that this type of gene is regulated
trough the PI3K-PKB pathway (Brownawell et al., 2000;
Kops et al., 1999; Brunet et al., 1999). Our group has
evidence that the signaling pathway mediated by PI3K-PKB
regulates the head development in hydra (Fabila et al., 2002;
Manuel et al., unpublished observations). Decapitated ani-
mals treated with the inhibitor of PI3K, LY294002, did not
regenerate a head. The inhibitor prevents the budding pro-
cess and the expression of early head-specific genes, and
these results explain why the silencing of STK did not affect
the expression of Budhead. Recently, the Wnt signaling
pathway was implicated on axis formation in hydra (Hob-
mayer et al., 2000). The expression of HyTcf, the transcrip-
tion factor of the Wnt signaling system of hydra, is not
expressed on the unregenerate tip of silenced polyps. We
therefore propose HyTcf to be a target gene of the STK
signaling pathway, and STK must positively regulate its
expression. However, since there is no expression of HyTcf
on the ectopic heads, it could be possible that HyTcf, or the
Wnt signaling pathway, did not regulate the axis formation
in hydra. Nevertheless, the relationship between these two
signaling pathways needs more experiments to determine
the extent of their interaction, and then it can be evaluated
with more detail.
There have been described at least two different signal
systems involved specifically on head differentiation, one
analogous to differentiation and regulated by STK and an-
other regulated by PKC related to differentiation as well as
proliferation (Mu¨ller, 1996; Cardenas et al., 2000). We had
evidence for the participation of a third signaling system in
the regulation of head development, PI3K-PKB (Fabila et
al., 2002; Manuel et al., unpublished observations). In Fig.
6, we delineated the possible signal transduction pathways
regulated by STK for head differentiation in hydra. It is well
documented that Src activity is regulated by tyrosine phos-
phorylation and negatively regulated by Csk (Thomas and
Brugge, 1997; Martin, 2001), the same circuit has been
delineated in hydra (Miller et al., 2000). In hydra, except for
the insulin-like receptor (Steele et al., 1996), no other
growth factor receptor has been described; in addition, in-
hibitors against those proteins did not affect head regener-
ation (Cardenas et al., 2000), and we did not suppose that
STK could be activated by those receptors. It seems more
probable that STK could be activated trough G-protein-
coupled receptors or by integrin-like receptors. The impor-
tance of different components of the mesoglea (the extra-
cellular matrix) for the head regeneration in hydra has been
described (Li et al., 1995; Sarras and Deutzmann, 2001). In
several eukaryotic cells, it has been proposed that compo-
nents of the extracellular matrix activate protein G-coupled
receptors (PGCR). Once activated, the G-proteins can acti-
vate Src, and in this way they can regulate the differentia-
tion processes. The other possible signal could come by the
activation of the FAK kinase, and its ability to activate
Src-related kinase is well known.
It is possible to block the head development and regen-
eration by using LY294002 an inhibitor of the PI3K, as well
as apigenine, an inhibitor of ERK (Fabila et al., 2002;
Manuel et al., unpublished observations). It could be pos-
sible that the signaling pathways mediated by PI3K and
STK interact (but the lack of effect of the silencing of STK
on the expression of Budhead did not support this possibil-
ity); it is possible that STK follows the canonical pathway
mediated by Ras to activate the MAPK. Two ras genes have
been cloned, and the transcript of ras2 is enhanced by
decapitation (Bosch et al., 1995). We are now working on
the identification of other members of the STK signaling
pathway in hydra studying protein–protein interactions. We
will try to determine which is the signal that activates STK
and the principal proteins involved on this pathway.
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